Temporal patterns of plant growth, composition, and nutrient removal impact development of models for predicting optimal switchgrass (Panicum virgatum L.) harvest times for bioenergy. Original time-course data are needed to construct useful models. Objectives were to characterize seasonal trends in yield, tissue moisture, ash content, leaf area index (LAI), interception of photosynthetically active radiation (PAR), and macronutrient accumulation and losses. Plots were subjected to 12 single harvests
C ellulosic biofuels are potential alternatives to fossil fuels as biofuels can reduce greenhouse gas emissions by 60% compared to the petroleum-based fuels being displaced, and can increase rural economic development. Switchgrass has received much attention as a herbaceous cellulosic crop whose versatility ranges from use as (i) a biomass feedstock for biofuel; to (ii) a forage crop for hay and grazing; and (iii) habitat for wildlife (Wolf and Fiske, 1995) . Such versatility and large biomass yield potential on land considered marginal for row-crop production, lend fl exibility to producers' responses to variations in biomass, forage, and livestock markets (McLaughlin et al., 1999; Vogel et al., 2002; Popp and Nalley, 2015) . Switchgrass is a drought-tolerant, warm-season perennial grass whose robust crown and root mass protects soil from erosion and increases C storage (Parrish and Fike, 2005; Sanderson et al., 1996) . Switchgrass is also effi cient at converting mineral nutrients to harvestable biomass with low nutrient removal rates (Vogel et al., 2002) .
Most switchgrass biomass yield trials have focused on batch harvests to ascertain accumulated growth in one-cut (usually end of season) or two-cut (mid-summer plus end-of-season) systems (Sanderson et al., 1996) . A single late-season harvest at the mature-seed or post-frost senescence stage has emerged as the harvest strategy that provides consistently large yields over time with the lowest nutrient removal (Parrish and Fike, 2005) . Biorefi neries would likely require biomass contractors to spread feedstock deliveries across many months to optimize processing capacity and minimize on-site storage (Cahill et al., 2014) . Th us a wide span of switchgrass harvest times ranging from fl owering in late summer to late winter is a possible scenario.
Postponing harvests from fall to late winter-early spring entails a trade-off between yield and feedstock quality. Ashworth et al. (2016) observed a 22% reduction in biomass yields from mid-November to late February across two fi eld sites in Tennessee owing to greater leaf loss and weathering of plant tissue. Adler et al. (2006) reported that delaying switchgrass harvest from mid-fall to early spring in Pennsylvania reduced Switchgrass Growth and Effects on Biomass Accumulation, Moisture Content, and Nutrient Removal harvested yield by almost 40%, and lowered concentrations of ash, macronutrients, and tissue moisture. Similar results were reported in Wisconsin and Illinois (Serapiglia et al., 2016) . The reduced removal of macronutrients by delayed harvest leads to less replacement nutrient needs for the subsequent year's growth (Vogel et al., 2002) . Another advantage of delayed harvest is that lower ash and K concentrations mitigate slag-induced declines in heat transfer efficiency in combustion chambers (Sanderson et al., 1996) . However, lower biomass yield greatly diminishes potential biofuel production on a unit-land area basis (Adler et al., 2006) . Such data are needed for development of models, such as ALMANAC, for predicting optimal switchgrass harvest times for bioenergy based on lignocellulosic yields, biomass quality, and nutrient removal (Kiniry et al., 2005) . Concentrations and pools of nutrients in switchgrass generally decline during senescence as a result of three pathways (i) remobilization of nutrients to over-wintering storage organs, (ii) leaching of soluble nutrients from standing biomass, and (iii) loss of senescing leaves from the plant and their deposition on the soil surface, which releases nutrients for next year's uptake (McLaughlin et al., 1999) . Basic information is needed on temporal patterns of biomass accumulation and composition to construct useful prediction models. Plant growth functions would be useful for managers to predict yields according to harvest times and growing conditions to optimize the economics of fertilization, quality, and logistics of feedstock flow, maximize energy conversion, and improve the precision of risk analysis.
The objective of this study was to quantify changes in switchgrass biomass yield, LAI, PAR interception, tissue moisture content, ash concentration, gross energy density, and macronutrient (N, P, K) removal throughout the growing season. Quantifying these intra-seasonal changes provides the basis for constructing crop growth models for simulating productivity trade-offs and applying those to economic and environmental analyses. Prior to trial establishment, soil samples were collected in 15-cm intervals to a depth of 80 cm. Soil samples were dried at 50°C, crushed to pass a 2-mm diam. sieve, analyzed for water pH (1:2 soil weight/water volume ratio), and extracted for plant-available nutrients (P, K, Na, Fe, and Mg) using the Mehlich-3 soil-test method (Mehlich, 1984) . Soil samples were also analyzed for total C and N by high-temperature combustion (LECO CN2000, St. Joseph, MI). Soil-test levels of P and K were considered medium ( (May to the following February). Each block comprised 12 plots, 3 m long by 1.2-m wide. Each plot was assigned one harvest date, of which the first six or seven dates were considered in-season, with days since 1 January of the production year (DAY) targeted at 121, 142, 163, 184, 212, 240, and 274 , and the remaining dates were considered post-season (senescence phase) with DAY for harvests targeted at 301, 329, 356, 384, and 413 . Harvest date plots were re-randomized in 2010. The end of the in-season phase/beginning of the senescent phase was defined as the DAY when peak biomass yield was achieved.
MATERIALS AND METHODS
Tissue was harvested with hand sheers (two, 3-m rows, or 3.6 m 2 total sampled area per plot; leaving at least one border row on each side) to a 10-cm stubble height. After determining fresh weight, a grab sample of at least 750 g was weighed, dried at 60°C in a batch oven, and reweighed to determine tissue moisture content to correct the total harvested weight to aboveground dry biomass. Samples were then ground to pass a 1-mm sieve on a Wiley mill (Thomas Scientific, Swedesboro, NJ) before analysis of gross energy density, and total N, P, and K concentrations.
Nitrogen, P, and K removal on a per-unit-land-area basis were calculated as the product of biomass yield and nutrient concentration. Gross energy density was measured with a bomb calorimeter in the University of Arkansas Department of Poultry Science Laboratory, and expressed as MJ kg -1 . Crude fat concentration was measured as an ether extract by the same laboratory, and acid detergent lignin was assayed according to Van Soest and Robertson (1980) . Nitrogen was analyzed by combustion (Campbell, 1992) , and total C was measured by combustion (CN2000, LECO, St. Joseph, MI). Mineral concentrations were determined by nitric acid digestion (Mehlich, 1984) followed by inductively coupled argon plasma spectrometry.
Total ash was determined based on ASTM standard E1755-01 (Sluiter et al., 2005) . One gram of ground, prepared plant material (sieved to 1 mm) was placed in an oven-dried, porcelain crucible overnight at 105°C. Crucibles were placed in a muffle furnace at 575°C for 4 h. After 4.5 h from the start of furnace, crucibles were removed and cooled to room temperature in a glass desiccator. The material retained in the crucible was weighed and ash concentration was expressed as g kg -1 . Ash measurements were assayed in triplicate for each plot in 2009. Similar to Verkler et al. (2008) , volumetric soil water content profiles were measured throughout the experimental period from May 2009 to February 2011 using CS616 water content reflectometers (WCR [Campbell Scientific, Inc., Logan, UT] ). Each sensor consisted of two stainless steel rods 0.3-m long and 3.2 mm in diameter with 0.03-m spacing between the two rods. A trench was excavated with a backhoe on the north-and south-central ends of the study area where replicate WCRs were installed, on opposite ends of the trench, horizontally into the undisturbed soil of the trench face under outside rows of plot areas at depths of 15, 30, 45, and 80 cm from the soil surface. Thus, eight WCRs were installed in each trench, for a total of 16 volumetric soil water content measurements conducted at various soil depths. Sensors were connected to a CR10X datalogger (Campbell Scientific, Inc. ) that recorded volumetric soil water content at 4-h intervals throughout the experimental period from May 2009 to February 2011.
Leaf area index of green tissue was measured on sampling days throughout the growing season until 28 October. The area of the green leaves and stems of the sampled tillers was measured with a LiCor LI-3100 leaf area meter (LiCor Inc., Lincoln, NE) to calculate LAI. Green leaf plus stem area was estimated by measuring a subsample leaf area, composed of six tillers and stems (harvested plant material area to 10-cm stubble height per replication), and by determining dry weight fraction of the sample. This was performed for each of the six replications and averaged across each sampling date.
The fraction of PAR intercepted by the canopy was measured the day before the assigned harvest date in 2009 and 2010. Six pre-harvest measurements of PAR were made above and directly below the canopy in each plot on a representative row. Photosynthetically active radiation was measured with a 0.8-m long light quantum sensor bar (LI-COR, LI-1000 area meter). Light measurements were recorded between 1000 and 1400 h local time. The light quantum sensor makes radiation measurements with an optical sensor by determining light interception centered on five zenith angles 7°, 23°, 38°, 53°, and 68° (Welles and Norman, 1991) , from which PAR interception by the canopy was computed.
Daily total solar radiation, maximum/minimum air temperature, and relative humidity were collected by a micrometeorological weather station, located less than 500 m from the trial sites, University of Arkansas, Fayetteville. In addition, precipitation was recorded on site using volumetric rain gauges. Degree-day accumulation for cultivar Alamo switchgrass was calculated based on a temperature base of 10°C as proposed by Sanderson and Wolf (1995) .
All dependent variables were analyzed separately by year owing to inter-annual differences in rainfall and to accommodate the expected stand development differences from the second to third year. In all models, harvest date was defined as a fixed effect with replicate being entered as random using PROC MIXED (SAS V9.3; SAS Institute, Cary, NC). Regression analyses were performed on all data to examine the relationships of dependent variables as a function of DAY (independent variable, DAY 1 being 1 January of the production season). Significant regressions were fitted and plotted in SigmaPlot 12.5 (SysStat Software, Inc., San Jose, CA) using polynomial, logistic (sigmoidal), and exponential functions where appropriate. Curve-fitting was performed for different seasonal phases within years when trends shifted from in-season growth to senescence. No curve-fitting was performed on macronutrient removal due to attenuating trends. All residuals in the aforementioned models were normally distributed (p ≥ 0.05; Shapiro-Wilk > 0.90). Data that did not follow clear linear, logistic, or exponential trends were plotted only with means and standard errors.
RESULTS AND DISCUSSION

Biomass Accumulation and Canopy Development
Switchgrass growth during the most active growing period in 2009 followed a sigmoidal pattern starting at 0.18 Mg ha -1 on 1 May (DAY 125) and peaking at 14.0 Mg ha -1 on 28 Aug. 2009 (DAY 240) (Fig. 1A) (Fig. 1B) , with peak yield leveling off at 18.6 Mg ha -1 at the accumulation of 2143 degree-days. The observed stair-step pattern of biomass accumulation is explained by intermittent dry periods in June and August (Fig. 2B, 2D ), which temporarily arrested growth. Peak yield was reached a month later (27 September, DAY 270) than in 2009 because in 2010, earlier drought delayed maturity and early September rains induced new growth. A greater peak yield in 2010 than in 2009 was expected because the second full year of switchgrass production typically exceeds that of the first year (McLaughlin and Kszos, 2005) . The senescent period from late October to February showed no trend that allowed curve-fitting. Biomass yield was level until 20 December during a warmer-than-normal fall, then decreased sharply to 10.5 Mg ha -1 after severe cold systems in January 2011, which was similar to the final yield observed in the previous year.
A sigmoidal growth pattern up to postanthesis follows the ideal growth function of grasses from early vegetative to the seed-filling stage (Barker et al., 2010) . This function was detected in 2009 when precipitation was ample and well timed ( Fig. 2A, 2C) . Conversely, Madakadze et al. (1999) fitted quadratic functions to biomass yield trends over time for upland switchgrass cultivars at Montreal, QC. In the present study, intermittent water deficits in 2010 (Fig. 2B, 2D ) likely prevented expression of the expected mid-period linear phase of the sigmoidal pattern, so the best fit defaulted to a quadratic model. Yield increased during leaf emergence and stem elongation and peaked at DAY 246 to 254 (2-yr mean yield of 12.1 Mg ha -1 ) at the onset of seed maturation. Declines in harvestable biomass over winter are consistent with other studies in the U.S. upper southern United States using lowland cultivars in Tennessee with Alamo , and in Oklahoma with cultivar Kanlow (Makaju et al., 2013) .
Lignocellulosic concentrations in switchgrass are affected by the plant's morphology and physiology, which in turn are largely determined by temperature, precipitation, photoperiod, and genetically programmed ontogeny, as this is a short-day species (Moser and Vogel, 1995) . Therefore, LAI of green tissue in 2009 was best described by two linear functions (Fig. 1C) , the first increasing rapidly up to DAY 184 (3 July), and the second decreasing at a slower rate to DAY 329 (11 November). Contrary to the expectation that LAI would increase in a sigmoidal pattern similar to that of biomass yield, LAI peaked 56 d before the peak yield. Chlorosis and senescence of lower leaves occurred after DAY 184, a timing which corresponded to early panicle emergence and hence the beginning of the reproductive phase of growth. Precipitation was uniform and above normal ( Fig. 2A, 2B) , suggesting that such early season senescence resulted from the low N supply and translocation of assimilates to elongating stems and panicle. Leaf area measurements ceased after 11 November owing to complete lack of green tissue.
No mathematical trends were observed in 2010 for LAI during the active growing season nor during the senescence period (Fig. 1D) . Wide fluctuations in green leaf area were caused by leaf senescence during intermittent in-season drought periods followed by temporary recovery until fall senescence. Intermittent in-season loss of functional leaf area and cessation of growth was also associated with fluctuations in net canopy photosynthesis, which declined from 21 to 3.6 μmol CO 2 s -1 m -2 canopy from DAY 145 to 176, then increased to 50 μmol CO 2 s -1 m -2 canopy by DAY 270 (data not shown). An inhibitory effect of water deficit on photosynthesis was also reported by Stroup et al. (2003) as plants under soil water deficit conditions (-1.0 MPa) had slower maturation and lower photosynthetic rates than well-watered plants (-0.1 MPa).
Percent PAR interception followed sigmoidal trends in both 2009 and 2010, whose functions included all 12 sampling dates (Fig. 1E, 1F ). The asymptotes of the 2 yr were similar (95.1 and 96.5%, respectively), but were nearly or actually achieved by different dates (DAY 212 and 165, respectively) . As expected, the timing of peak biomass yield was after the dates of maximum PAR interception (compare Fig. 1A, 1B to Fig. 1E, 1F ). An interesting anomaly is that peak LAI in 2009 occurred earlier than maximum PAR interception (compare Fig. 1C to 1E) , indicating that the developing canopy effectively absorbed PAR despite loss of chlorophyll lower in the canopy. Interception of PAR continued at the maximum throughout late fall and into winter, despite complete loss of photosynthetic area.
Biomass Moisture Trends
Tissue moisture content in 2009 declined linearly from 81.3% at an early vegetative stage on 1 May (DAY 121) to 53.4% on 1 October (DAY 274), which was one sampling date past the date of peak biomass yield (Fig. 3A) . The apparent quadratic fit starting on 1 October indicated a temporary increase in tissue moisture content followed by a sharp decline to 17.9% on 22 December (DAY 356). Thereafter, tissue moisture content continued to decrease to 12.6% by 17 Feb. 2010 (DAY 413). Similar patterns were observed in 2010, with tissue moisture content around 80% in early May and declining linearly to 47.4% by 27 August (DAY 239). Tissue moisture content then increased to 53.9% on 27 September (DAY 270), with decreases to 12.5% occurring until 20 December (DAY 354) (Fig. 3B) . However, unlike in 2009, tissue moisture content increased to 19.6% during January and February 2010.
Tissue moisture content at peak yield was 59.2% in 2009 and 53.0% in 2010, which would necessitate field drying either as a standing crop or in a windrow prior to storage. Grass hay harvested in bales, similar to switchgrass biomass, is considered safe for storage when containing less than 20% moisture to prevent mold and heating (Collins and Owens, 2003) . In both years, tissue moisture content dropped below the critical 20% level by 20 December (DAY 354). Therefore, a harvest delay of 3 to 4 mo was required for crop dry-down to attain a safe level for direct storage. In 2009, biomass yield declined by 24% from peak yield on 28 August to the safe tissue moisture content level on 22 December. In contrast, moisture content in 2010 declined to a safe level for direct storage from 27 September (DAY 270) to 20 December while incurring minimal loss in biomass yield (Fig. 1B) . The difference is at least partly due to delayed timing of peak yield in 2010 resulting from latesummer recovery from drought. Ravindranath et al. (2009) reported that switchgrass moisture content did not reach the safe moisture level in Fayetteville, AR, until December, but did so in Stillwater, OK, by November, which had lower rainfall in summer and fall. Environmental conditions can influence the timing and rate of dry-down partly through their effects on the onset of senescence and atmospheric and soil moisture status.
Nutrient Removal and Accumulation
Potassium removal in harvested biomass exceeded that of other macronutrients in both years on almost all sampling dates (Fig. 4A, 4B ). In 2009, K uptake was rapid during early vegetative growth, peaking on 3 July (DAY 184) at 136 kg K ha -1 . Biomass continued to accumulate after DAY 183, thereby diluting nutrients with carbonaceous biomass in stems and seedheads. The rapid early season uptake by the plant is explained by the large K requirement for photosynthesis (Huber, 1985) as peak K removal coincided with the period of rapid leaf area development (compare Fig. 4A to Fig.  1C) . Likewise, the subsequent linear decline in K removal mirrored the linear decline in green leaf area from DAY 184 onward (Fig. 1C) . Potassium removal declined to 22 kg ha -1 at the final sampling day on 17 Feb. 2010 (DAY 413, Fig. 4A ), which represented an 84% reduction in K removal. In 2010, K removal peaked at 185 kg ha -1 , 19 d earlier than in 2009 (14 June, DAY 165), then declined to 104 kg ha -1 by 18 Feb. 2011 (Fig. 4B) . The likely reason for the greater K removal in 2010 was that a deeper root system in the third year after planting allowed greater K uptake from deep soil K reserves (Table  1) . Observed K removal rates after a killing frost were higher than those reported by Kering et al. (2012) under 0 kg N ha -1 (20.8-28.3 kg ha -1 ), although increasing N rates resulted in higher K removal, likely owing to more prolific shoot growth creating greater K requirements.
Nitrogen removal followed a pattern somewhat similar to that of K in that uptake was relatively rapid early in the season; however, peak removal occurred later in the season for both years. In 2009, N removal peaked at 80 kg N ha -1 on 28 August (DAY 240), then gradually declined to 30 kg N ha -1 by February 2010 (Fig. 5A) reported N removal during early November that coincided with our results, in that means over 5 yr fell within measured removal rates between October and late November in 2009.
In 2009, P removal was much lower than N and K removal in both years (Fig. 4) . In 2009, P removal peaked at 15.7 kg P ha -1 on 28 August (DAY 240), then declined from 6.5 to 2.9 kg P ha -1 on 17 February (Fig. 4A) . A similar trend was observed in 2010; however, P removal peaked at 16.8 kg ha -1 26 d earlier (2 August, DAY 214), then declined to 7.1 kg ha -1 on 20 December (Fig. 4B) . The proportional decline from peak P removal until after the first killing frost (20 December) was 58 and 57% for 2009 and 2010, respectively. The low P removal rates suggest a low P requirement by switchgrass, which has been observed previously (Bacon et al., 2016) . Assuming a biomass harvest at the end of October (Day 301), with its associated removal of K, N, and P across years, fertilization would have to add back approximately 120, 90, and 18 kg ha yr -1 , respectively, to maintain optimal soil test levels. Delaying harvest until the end of the calendar year would further reduce maintenance fertilizer requirements.
Energy Density, Crude Fat, and Ash Concentration
Gross energy density fluctuated in 2009 starting at 17.6 MJ kg -1 on 1 May, followed by a decline to 16.8 MJ kg -1 on 22 May (DAY 142, Fig. 5A ). Subsequently, energy density increased to 18.2 MJ kg -1 by 28 August, and eventually increased to its greatest level of 18.4 MJ kg -1 in November. The initial decrease in energy density early in the growing season corresponded to a decline in crude fat (ether extract) concentration from 35.5 (± 1.2 SD) to 17.6 g kg -1 (± 2.0 SD) (Fig. 5A) . This measurement was unplanned before the trial, but was done to investigate the unexpected decrease in energy density after 1 May. The reasoning for the decrease was that short plants (ca. 20 cm in height) on 1 May consisted entirely of young, succulent leaves with no stems, such that the waxy epidermal leaf surfaces would have contributed a significant proportion of plant C. Fats and their waxy derivatives have a greater caloric value and thus contain a greater energy density than carbohydrates (Van Soest, 1994) . The decrease in crude fat concentration would reflect a dilution of leafy material with elongating stem mass. In fact, crude fat continued to decline to 4.9 g kg -1 (± 1.2 SD) by 17 February. Increases in energy density after DAY 142 are explained by increases in lignification and decreases in ash. Acid detergent lignin in 2009 increased linearly from 13.8 to 70.0 g kg -1 from DAY 121 and 301 at the rate of 0.313 g kg -1 d -1 (r 2 = 0.90; data not shown). reported increases in lignin of switchgrass across five locations and 3 yr at the rate of 0.78 g kg -1 d -1 from DAY 260 to Day 310. As condensed forms of C increase in secondary cell walls, so do lignin concentrations, resulting in improved caloric values of switchgrass.
The peak gross energy density of switchgrass (18.4 MJ kg -1 ) was lower than that of reported values for hardwood (20.5 MJ kg -1 ), but greater than that of sweet sorghum [Sorghum bicolor (L.) Moench.] (15.4 MJ kg -1 ), giant reed (Arundo donax L.) (17.1 MJ kg -1 ), and corn (Zea mays L.) stover (17.6 MJ kg -1 ) (Scurlock, 2008) . Ashworth et al. (2016) reported increases in lignin, cellulose, and hemicellulose concentrations as switchgrass reached reproductive maturity and during senescence through winter. These compositional changes resulted in greater ethanol yield per unit biomass in an over-wintered standing crop than in the previous fall. Desired feedstock traits vary with respect to conversion platform. Harvest timing is not only affected by switchgrass biomass yield, but also biomass quality. For optimizing thermochemical conversion into fuels, harvests in our environment should be delayed until after October when energy density is greatest and ash content is low. However, a biochemical conversion process would require an earlier harvest date (late August-September) to exploit greater biomass yields and lower lignin contents Adler et al., 2006) .
Ash concentration followed an exponential decay trend, with a relatively steep decline from 73 g kg -1 on DAY 121 to 26 g kg -1 at the time of peak biomass yield (DAY 240) (Fig. 5) . The increase in energy density after DAY 142 is partially explained by the steep decline in ash concentration by virtue of ash having no caloric value (Adler et al., 2006; Van Soest, 1994) , along with rapid growth of lignocellulosic biomass. Thereafter, ash concentration declined more slowly to 15 g kg -1 by February 2010. The slower decline during senescence is likely explained by cessation of mineral uptake and plant growth, after which plant leaching and leaf losses would account for declines in ash concentration. Switchgrass had an ash range similar to that reported by Adler et al. (2006) , who also observed a decline in ash levels when left in the field to over-winter. Reduced amounts of alkali metals in biomass would reduce issues during combustion associated with slagging and fouling of boilers (Adler et al., 2006) .
SUMMARY AND CONCLUSIONS
Temporal trends in growth, canopy development, and composition of moisture, energy density, macroelements, and ash were elucidated for Alamo switchgrass from early in the growing season into the following winter. This approach differentiated between the formative period with rapid leaf area development and growth driven by macronutrient uptake, and the prolonged senescence period, which provides a wide window for deciding on optimum harvest timing based on intended use. Peak biomass yield occurred from late August through October, depending on the year. The stand in 2010 was in its third year and was associated with 33% greater yield and 500 more growing-degree days to attain peak yield compared with 2009. High yields were maintained during senescence until 20 December, at which time biomass moisture content declined to safe levels for direct chopping and storage without field curing.
Potassium removal peaked earlier and at a greater level than N, indicating the importance of soil testing to prevent soil mining of K early in the growing season. Potassium was also the macroelement exhibiting the most removal, ranging from 136 to 185 kg K ha -1 at its peak. Macroelement removals fell to about 50% of peak values by late November in both years. The generalized increase in energy density was most likely associated with increased lignification and decreased ash concentration. Results illustrated the associated declines in biomass yield and nutrient removal, which provides modelers with data to predict the optimum harvest time to benefit from high yields and reduced fertilizer replacement costs. Quantifying the trends in biomass yield, nutrient use, energy density, and moisture content are useful for analyses of economic and environmental trade-offs.
